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Abstract

Injury to atherosclerotic arteries induces the expression of
growth regulatory genes that stimulate cellular proliferation
and intimal formation. Intimal expansion has been reduced
in vivo in nonatherosclerotic balloon-injured arteries by
transfer of genes that inhibit cell proliferation. It is not
known, however, whether vascular cell proliferation can be
inhibited after injury in more extensively diseased athero-
sclerotic arteries. Accordingly, the purpose of this study was
to investigate whether expression of recombinant genes in
atherosclerotic arteries after balloon injury could inhibit in-
timal cell proliferation. To test this hypothesis, we exam-
ined the response to balloon injury in atherosclerotic rabbit
arteries after gene transfer of herpesvirus thymidine kinase
gene (tk) and administration of ganciclovir. Smooth muscle
cells from hyperlipidemic rabbit arteries infected with ade-
noviral vectors encoding tk were sensitive to ganciclovir, and
bystander killing was observed in vitro. In atherosclerotic
arteries, a human placental alkaline phosphatase reporter
gene was expressed in intimal and medial smooth muscle
cells and macrophages, identifying these cells as targets for
gene transfer. Expression of tk in balloon-injured hyperlipi-
demic rabbit arteries followed by ganciclovir treatment re-
sulted in a 64% reduction in intimal cell proliferation 7 d af-
ter gene transfer (P = 0.004), and a 35-49% reduction in
intimal area 21 d after gene transfer, compared with five
different control groups (P < 0.05). Replication of smooth
muscle cells and macrophages was inhibited by tk expres-
sion and ganciclovir treatment. These findings indicate that
transfer of a gene that inhibits cellular proliferation limits
the intimal area in balloon-injured atherosclerotic arteries.
Molecular approaches to the inhibition of cell proliferation
in atherosclerotic arteries constitute a possible treatment for
vascular proliferative diseases. (J. Clin. Invest. 1996. 98:
225-235.) Key words: gene transfer « thymidine kinase « ad-
enoviral vectors « smooth muscle cells « macrophages

Introduction

Arterial injury induces the expression of growth factor and cy-
tokine genes that stimulate vascular cell proliferation. Forma-
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tion of a neointima is a regulated series of events, including an
initial phase of smooth muscle cell replication, subsequent ex-
tracellular matrix synthesis, and followed by cell inhibition and
connective tissue remodeling (reviewed in 1-3). Inhibition of
smooth muscle cell replication by the local expression of re-
combinant genes can limit development of a neointima in bal-
loon-injured arteries (4-8). One strategy to selectively elimi-
nate dividing cells in injured arteries is to express a herpesvirus
thymidine kinase (tk)! gene which phosphorylates the nucleo-
side analog, ganciclovir (GC), into a toxic form which leads to
cell killing (9-12). Local delivery of recombinant adenoviral
vectors encoding tk and exposure to ganciclovir has been
shown to inhibit smooth muscle cell proliferation and decrease
intimal formation in balloon-injured porcine and rat arteries
(4-6). It is not known, however, whether these results can be
achieved in extensively diseased atherosclerotic arteries. This
issue has importance to clinical application of gene transfer for
the treatment of vascular proliferative diseases, including ath-
erosclerotic lesions. The potential of molecular genetic ap-
proaches to inhibit cell proliferation and limit intimal area in
atherosclerotic arteries has not been explored. While previous
studies have determined the feasibility of expressing reporter
genes in hyperlipidemic rabbit and pig arteries (13, 14), the po-
tential efficacy of therapeutic genes has not been reported. Ac-
cordingly, the purpose of this study was to investigate whether
the proliferative response to arterial injury in atherosclerotic
arteries can be inhibited by local expression of a tk gene fol-
lowed by ganciclovir administration.

Methods

Recombinant adenoviral vectors. Three replication-deficient, recom-
binant adenoviral vectors were constructed, propagated, and purified
as described (4, 15). These vectors were prepared from adenovirus-5
serotype and contain deletions in E1 and E3 regions, rendering them
replication incompetent. The three adenoviral vectors (ADV) include
a vector encoding herpesvirus thymidine kinase (ADV-tk), driven by
a polyoma promoter and enhancer and containing an SV40 polyade-
nylation sequence. An adenoviral vector lacking a cDNA insert,
ADV-AEL, was used for control experiments. A third adenoviral vec-
tor, ADV-hpAP, encodes for a human placental alkaline phosphatase
(hpAP) reporter gene driven by a -actin promoter and cytomegalo-
virus enhancer with an SV40 polyadenylation sequence. Viral stocks
were sterilized with a 0.45-pm filter and evaluated for the presence of
replication-competent virus by infection of 3T3 cells at an moi of 10.
None of the stocks used in these experiments yielded replication-com-
petent virus. Viral stocks were diluted to titers of 10'° plaque-forming
units (pfu)/ml, stored at —20°C, and thawed on ice for 5 min before use.

In vitro testing of vectors in rabbit vascular smooth muscle cells.
Primary vascular smooth muscle cells were obtained by explantation

1. Abbreviations used in this paper: ADV, adenoviral vectors; BrdC,
5-bromo-2'-deoxycytosine; GC, ganciclovir; hpAP, human placental
alkaline phosphatase; tk, herpesvirus thymidine kinase.
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from aortic segments of New Zealand White (NZW) (Hazleton Re-
search Products, Denver, PA) rabbits fed a hyperlipidemic diet (0.5%
cholesterol, 2.3% peanut oil) for 3 wk. At sacrifice, 3-cm abdominal
aorta segments were immediately immersed in Medium 199 with 1%
penicillin and streptomycin and 10% FCS. The lumenal surface of the
aorta was scraped to remove endothelial cells, and the aortic segment
was minced into fine pieces (< 1 mm) and placed in a 25-cm? flask
coated with 1% gelatin and containing 2 ml media. The flask was
tipped for 4 h so that the tissue would adhere to the gelatin. After 4 h,
10 ml media was added and the flask was kept flat in a 37°C incubator
with 5% CO,. Cells grew from the tissue within 7 d, and the aortic seg-
ments were removed. Smooth muscle cell identity was confirmed on
second passage cells using a monoclonal antibody to smooth muscle
a-actin (Sigma Chemical Co., St. Louis, MO) (16). To assess the sen-
sitivity of ADV-tk-infected rabbit vascular muscle cells to GC, cells
were grown to 30-40% confluence in Medium 199 with 10% FCS and
infected with ADV-tk at an moi of 200 per cell. Previous estimates
suggest that close to 100% of cells are transduced by these methods
(15). 24 h later, the ADV-tk-infected cells were washed with media
three times, harvested, mixed with noninfected cells in ratios from 0
to 100%, and plated at a density of 10,000 cells per well in a 96-well
dish in eight replicates. The cells were incubated overnight at 37°C in
a 5% CO, incubator to permit adherence to the plate, and the media
was changed to either fresh media (—GC, four replicates) or media
containing 5 uM ganciclovir (+GC, four replicates) (a generous gift
from Syntex, Inc., Palo Alto, CA). Cell cultures were terminated at 6 d,
and cell viability was determined using a colorimetric assay where cell
viability is proportional to the absorbance at the test wavelength (570
nm) with subtraction of the reference wavelength (650 nm) (17).

Gene transfer in atherosclerotic arteries in vivo. NZW rabbits were
sedated with ketamine (35 mg/kg i.m.) and xylazine (5 mg/kg i.m.)
and intubated. Anesthesia was maintained with isoflurane. Before sur-
gery, blood chemistries and serum cholesterol and triglyceride levels
were measured (Roche Biomedical Laboratories, Nutley, NJ). Surgi-
cal exposure and arteriotomy of the right femoral artery was per-
formed, and a 3-French Fogarty balloon catheter (Baxter Healthcare
Corp., Mundelein, IL) was passed into the common iliac artery. The
balloon was inflated in the right iliac artery and withdrawn three times.
The right femoral artery was ligated distally, and the incision was closed.
After surgery, the rabbits were fed a high fat diet consisting of 0.5%
cholesterol and 2.3% peanut oil until they were killed. All animals re-
ceived aspirin, 10 mg/kg, three times a week. Two rabbits were killed
3 wk after denuding injury and cholesterol feeding, and the iliac arter-
ies were analyzed to determine the extent of atherosclerotic lesions.

3 wk after the first vascular injury, an angioplasty balloon injury was
performed in the right iliac artery. Serum cholesterol and triglyceride
levels were measured. A midline abdominal incision was made, and the
distal aorta and iliac common arteries were isolated. Side branches in
the iliac arteries were isolated and ligated. A 2-2.75-mm balloon an-
gioplasty catheter (SciMed, BSC, Maple Grove, MN) was advanced
via a distal aortotomy into the right iliac artery. The angioplasty bal-
loon was inflated to six atmospheres of pressure for 1 min and de-
flated. Balloon inflation and deflation was repeated two times. Gene
transfer was performed by withdrawing the balloon catheter to a posi-
tion just proximal to the injury site. The arterial segment was isolated
with temporary ligatures and rinsed with 5 ml of phosphate-buffered
saline. Viral solution, 0.5 ml of 10! pfu/ml (5 X 10° pfu total dose),
was instilled within the injured segment at 150 mmHg pressure. After
a 20-min incubation, the catheter was deflated, withdrawn, and the
aortotomy site was repaired.

Gene transfer experiments were performed in 67 rabbits. Three
additional rabbits underwent primary injury and lipid feeding, but
were excluded due to arterial occlusion before secondary injury and
infection. To determine which cells in the intima and media of athero-
sclerotic arteries express recombinant genes, seven rabbits were in-
fected with ADV-hpAP vectors, and gene expression was analyzed
2 d later. To assess the therapeutic efficacy of a tk gene, ADV-tk or
ADV-AEL1 vectors or saline was instilled into injured atherosclerotic

arteries in 60 rabbits (1 artery in each rabbit). Three animals died
(one from each of the following groups: ADV-AE1/+GC, ADV-tk/
—GC, and noninfected/+GC) within 3 d perioperatively from distal
aortic occlusion, a complication of surgical repair, and were excluded
from further analysis. 36 h after balloon injury and adenoviral infec-
tion or saline infusion, animals were randomized to treatment with
GC, 50 mg/kg per d, or a weight-adjusted equivalent volume of saline
was administered intravenously for 6 d. The effect of tk expression
and GC treatment on cell proliferation was evaluated 7 d after angio-
plasty and ADV-tk infection in eight rabbits. These rabbits received
i.v. infusions of 5-bromo-2’-deoxycytosine (BrdC) 1, 18, and 24 h be-
fore death. Immunohistochemistry with a monoclonal antibody to
BrdC was performed to label nuclei in proliferating cells. Intimal and
medial areas were measured 21 d after gene transfer in 49 rabbits, di-
vided into six treatment groups: noninfected/-GC (n = 5), nonin-
fected/+GC (n = 5), ADV-AE1/-GC (n = 10), ADV-AE1/+GC (n =
9), ADV-tk/=GC (n = 9), and ADV-tk/+GC (n = 11).

At death, tissue samples were obtained from the treated right il-
iac artery, brain, carotid artery, heart, lung, liver, spleen, kidney,
lower limb skeletal muscle, and ovary. Each adenovirus-infected artery
was processed in an identical manner by division into four cross sections.
Sections 1 and 3 were fixed in methyl Carnoy’s solution and sections 2
and 4 were fixed in 10% buffered formalin. Organ specimens were
fixed in formalin. All specimens were paraffin embedded and sections
were stained with hematoxylin and eosin. In addition, samples of blood
were obtained before gene transfer and at death for biochemical
analysis. All animal experiments were performed in accordance with
National Institutes of Health guidelines and with the approval of the
University of Michigan Committee in the Use and Care of Animals.

Histochemistry. Expression of recombinant hpAP protein was
detected by histochemical analysis of infected balloon-injured athero-
sclerotic arteries. 2 d after adenoviral infection, artery specimens were
fixed in 10% buffered formalin for 16 h, placed in 70% ethyl alcohol,
and embedded in paraffin. Paraffin blocks were sectioned at a thickness
of 6 um onto poly-L-lysine slides. The slides were deparaffinized in
three changes of xylene, rehydrated in 100%, 95%, and 75% ethyl alco-
hol, and incubated in PBS at 65°C for 60 min to inactivate endogenous
alkaline phosphatase. The sections were incubated in PBS containing
a chromogenic substrate of 5-bromo-4-chloro-3-indolyl phosphate-
p-toluidine (1 mg/ml, GIBCO BRL, Gaithersburg, MD) and nitroblue
tetrazolium chloride (1 mg/ml, GIBCO BRL) for 19 h. This substrate
yields a dark blue purple stain in the presence of alkaline phospha-
tase. Sections were rinsed with PBS and counterstained with methyl green.

Immunohistochemistry. Immunohistochemical studies were per-
formed to identify smooth muscle cells, macrophages, and proliferating
cells with smooth muscle a-actin, RAM-11, and BrdC antibodies, re-
spectively, using methods as previously described (4, 16, 18, 19). Briefly,
serial sections of methyl Carnoy or formalin-fixed, paraffin-embed-
ded sections (6 wm) were placed in poly-L-lysine—coated slides, de-
paraffinized in three changes of xylene, and rehydrated in 100%,
95%, and 75% ethyl alcohol. Incubation in 0.3% hydrogen peroxide
for 30 min exhausted endogenous peroxidase activity. For each antibody,
the dilution that yielded optimal specific staining was determined in
pilot experiments. The following primary antibodies were used: a mono-
clonal mouse antismooth muscle a-actin antibody, 1:500 dilution
(Boehringer Mannheim Biochemical Div., Indianapolis, IN); a rabbit
macrophage-specific antibody RAM-11, 1:100 dilution (Dako Corp.,
Santa Barbara, CA); and a monoclonal mouse anti-BrdC antibody, 1:
1,000 dilution (Amersham Corp., Arlington Heights, IL). Control ex-
periments were performed using purified mouse 1gGy,, antibody, 1:100
dilution (Promega Corp., Madison, WI), which did not stain the arte-
rial specimens. Slides were developed with either a streptavidin-horse-
radish peroxidase complex (Vector Laboratories Inc., Burlingame,
CA), or a Vectastain ABC-alkaline phosphatase reagent (Vector
Laboratories Inc.), and counterstained in methyl green. The streptavidin-
horseradish peroxidase complex, 1:5,000 dilution, was applied for 30
min at room temperature followed by a diaminobenzidine substrate
(Sigma Chemical Co.) in 0.045% nickel chloride (room temperature,
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10 min) to produce a gray-black reaction and by counterstain with
methyl green. Biotinylated anti-mouse immunoglobulin, 1:200 dilu-
tion (Vector Laboratories Inc.), was applied for 30 min, followed by
another 30-min incubation in a Vectastain ABC-alkaline phosphatase
reagent. The substrate 3-amino-9-ethyl-carbazole yielded a red reac-
tion product and sections were counterstained in methyl green.

To identify the cell types expressing the transgene hpAP, com-
bined alkaline phosphatase histochemical staining and immunocy-
tochemistry was performed. After alkaline phosphatase staining, slides
were washed in PBS and incubated with the primary antibody: a mono-
clonal mouse antismooth muscle a-actin antibody, 1:500 dilution; or a
rabbit macrophage-specific antibody RAM-11, 1:250 dilution, using
2% normal horse serum as diluent for 1 h at room temperature. The
secondary antibody (biotinylated horse anti-mouse antibody, 1:200
dilution, Vector Laboratories Inc.) was incubated for 30 min at room
temperature, followed by streptavidin-colloidal gold (1:1,000 dilution,
Goldmark Biologicals, Phillipsburg, NJ) for 30 min. Slides were then
copiously washed in distilled water and incubated with the silver en-
hancement kit (Goldmark Biologicals) for 10 to 15 min under micro-
scopic control. This step produced black-silver grains over the cyto-
plasm. Methyl green counter stain was used to visualize nuclei.

Measurement of efficacy of gene transfer and cell proliferation and
morphometry. To investigate the efficiency of adenoviral infection
in balloon-injured, atherosclerotic rabbit arteries, arterial specimens
were subjected to histochemical staining for alkaline phosphatase. A
microscope-based video image analysis system (Image One System;
Universal Imaging Corp., West Chester, PA) was used to count the
total number of cells and the total number of alkaline phosphatase-
positive cells in the intima and media of four cross sections in each ar-
tery that spanned the 1.5-cm region of arterial injury and adenoviral
infection. Measurements were made in a blinded manner by two in-
dependent observers. Transfection efficiency was calculated as the ra-
tio of alkaline phosphatase-positive cells per total number of cells in
the intima and media of each artery cross section.

To measure the number of proliferating cells, arteries were la-
beled with BrdC and immunohistochemistry was performed. The total
number of nuclei and BrdC-positive nuclei in the intima and media of
experimental and control arteries was counted in a blinded fashion by
quantitative morphometry (Image One Systems; Universal Imaging
Corp.). A proliferation index was calculated as the ratio of BrdC-pos-
itive cells to total number of cells. To identify the cell types incorporat-
ing BrdC, double immunohistochemical staining was performed using
antibodies to BrdC and a-actin and to BrdC and RAM-11. The num-
ber of cells double labeled for BrdC and smooth muscle a-actin and
RAM-11 were measured by the criteria that the borders of BrdC-pos-
itive nuclei were greater than 50% contiguous with a-actin and
RAM-11 cytoplasmic staining. In each artery cross section, eight ran-
dom high power fields were measured. The eight high power fields
from each artery were averaged to obtain a measure for each artery.

Measurements of intimal and medial cross-sectional area were
determined by two independent reviewers in a blinded fashion on
four sections from each artery that spanned the 1.5-cm region of arte-
rial injury and adenoviral infection using the image analysis system.
Intimal and medial boundaries were determined by digital planime-
try. The four measurements were averaged for each artery. Interob-
server variability was ~ 2%.

Analysis of organ toxicity. Organ specimens from noninfected tis-
sues, including brain, carotid artery, heart, lung, liver, spleen, kidney,
ovary, and skeletal muscle, were obtained at death, formalin-fixed
and paraffin embedded, and sections were stained with hematoxylin
and eosin. Arterial segments from adenovirus-infected arteries were
compared to noninfected arteries 3 wk after gene transfer to assess
possible inflammation and other pathology. Infected arterial speci-
mens from each of the treatment groups were also compared. Each
artery and organ specimen was examined by an experienced patholo-
gist (D. Gordon) in a blinded fashion.

Statistical analysis. All values are expressed as mean=SEM. Com-
parisons of intimal and medial BrdC labeling index were made by two
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Figure 1. In vitro sensitivity of rabbit vascular smooth muscle cells
to GC after infection with ADV-tk. Cells were grown to 30-40%
confluence and infected with ADV-tk at an moi of 200 per cell. In-
fected cells were mixed with noninfected cells in the ratio of trans-
fected to untransfected cells as indicated on the x-axis, and treated
with fresh media (—GC) or media containing 5 pM ganciclovir
(+GC). Cell proliferation was determined using a colorimetric as-
say. Data are expressed as mean*SEM. Four replicate experi-
ments were performed. Circles = —GC; squares = +GC.

Figure 2. Gene expression in atherosclerotic arteries 2 d after balloon
injury and ADV-hpAP infection. (A) Alkaline-phosphatase expres-
sion was observed in the intima and media of balloon-injured athero-
sclerotic arteries. Arrow denotes internal elastic lamina. (B) Gene ex-
pression in the media was prominent along a dissection plane where
the internal elastic lamina was fractured, as designated by the arrow.
Magnification: A X44 and B X97.
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tailed, unpaired ¢ test. Comparisons of intimal and medial areas were
made by ANOVA with Dunnett ¢ test. Statistical significance was as-
sumed if a null hypothesis could be rejected at the 0.05 level.

Results

In vitro sensitivity of rabbit vascular smooth muscle cells to gan-
ciclovir after infection with ADV-tk. The efficacy of tk expres-
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sion in limiting rabbit smooth muscle cell proliferation was
first assessed in vitro. Primary rabbit smooth muscle cells from
atherosclerotic arteries were infected with ADV-tk vectors
(moi of 200/cell) and exposed to GC or control media. Cells in-
fected with ADV-tk and not treated with GC remained viable
(Fig. 1). In contrast, cells infected with ADV-tk and treated with
GC were nonviable 6 d later. Mixtures of ADV-tk—infected
and —noninfected cells demonstrated that as few as 10% of in-

Figure 3. Alkaline-phosphatase expression in smooth muscle cells and macrophages in atherosclerotic arteries. (A) Hematoxylin and eosin
staining of intimal lesion. The arrow denotes area shown in B and C. (B) Alkaline-phosphatase expression in intimal cells with horse serum con-
trol for immunostaining. (C) Intimal cells double labeled with alkaline-phosphatase staining and smooth muscle cell a-actin immunostaining.
Arrows denote double-labeled positive cells. (D) Hematoxylin and eosin staining of media adjacent to the intima shown in A. The arrow denotes
area shown in E and F. (E) Alkaline-phosphatase expression in medial cells with horse serum control for immunostaining. (F) Medial cells which
double label with alkaline-phosphatase staining and RAM 11 immunostaining. Arrows denote double-labeled positive cells. Magnification: A

and D X200 and B, C, E, and F X725.
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fected cells conferred susceptibility to GC to the entire popula-
tion of cells, thus demonstrating a bystander effect in killing
adjacent, noninfected cells.

Recombinant gene expression in atherosclerotic arteries after
adenoviral gene transfer. Atherosclerotic lesions were produced
in rabbit iliac arteries by subjecting the arteries to a primary
denuding injury with a 3 French Fogarty catheter, followed by
3 wk of lipid feeding. This diet produced an increase in serum
cholesterol levels from 54+4 mg/dl to 1,107+44 mg/dl and in
triglyceride levels from 36+1 mg/dl to 218+15 mg/dl (n = 67).
Examination of injured, noninfected iliac arteries (3 wk after
lipid feeding) by light microscopy in two rabbits revealed a
thickened intima with foam cells and smooth muscle cells, con-
sistent with atherosclerotic lesions (20, 21).

To determine whether expression of recombinant genes
could be achieved in these atherosclerotic arteries in vivo, the
hyperlipidemic arteries were then reinjured at the previous site
of denudation with a balloon angioplasty catheter and infected
with adenoviral vectors encoding a reporter gene, hpAP (5 X
10° pfu, total dose). Infection of these arteries with ADV-
hpAP resulted in gene expression in the intima and the media
(Fig. 2 A). Gene expression was also found in medial regions
when the internal elastic lamina was dissected or ruptured
(Fig. 2 B), suggesting that adenoviral vectors may track along
dissection planes and infect cells in deeper regions of the arte-
rial wall. The ability to infect these layers may be of impor-
tance since cells in these regions of the media may contribute
to cellular proliferation and intimal hyperplasia (22, 23).

The efficiency of gene transfer in these atherosclerotic ar-
teries was then quantified. The ratio of alkaline phosphatase—
positive cells to the total number of cells was calculated for
each arterial cross section, and the ratios were averaged to de-
termine expression in the intima and the media. Expression of
alkaline phosphatase in the intima and media was variable,
ranging from 4.2% to 69.1% (32.0£9.4%, mean+=SEM) of
cells in the intima and 0% to 45.9% (mean 19.6+6.3%,
mean*SEM) of cells in the media. When the number of alka-
line phosphatase positive cells and the total number of cells in
the intimal and media were combined, then expression for the
arterial cross section (excluding adventitia) ranged from 2.7%
to 52.7% (23.5%£7.0%, mean+SEM).

Double-label staining using histochemical staining for alka-
line phosphatase and immunohistochemical staining for spe-
cific cell types was performed to determine the phenotype of
genetically modified cells. As noted previously in balloon-

Figure 4. Inhibition of intimal and medial cell
DNA synthesis by ADV-tk/+GC after arte-
rial injury. Hyperlipidemic rabbit arteries
were injured by balloon angioplasty, infected
with ADV-tk (total dose 5 X 10° pfu), and
treated with saline (—GC, n = 4 arteries) or
GC (+GC, n = 4 arteries). 7 d later, animals
were infused with BrdC and arteries were im-
munostained with a monoclonal antibody spe-
cific for BrdC. Total nuclei and BrdC-positive
nuclei were quantitated. (A) Intimal cell BrdC
incorporation index. (B) Medial cell BrdC in-
corporation index. Data are expressed as
mean*+SEM. *P = 0.04, **P = 0.004, un-

ADV-K/+GC paired, two-tailed ¢ test.

injured normal arteries (4), alkaline phosphatase staining was
observed in smooth muscle cells as determined by reactivity
with antismooth muscle a-actin antibody (Fig. 3, A-C). In con-
trast to the pattern of expression observed in normal arteries,
recombinant gene expression was also seen in macrophages, as
defined by reactivity with an antibody specific for rabbit macro-
phages, RAM-11 (Fig. 3, D—F). The majority of hpAP-positive
cells, however, stained for smooth muscle a-actin. These find-
ings suggest that predominantly smooth muscle cells, but also
macrophages, express recombinant genes in atherosclerotic le-
sions, and that these vascular cells could be used to regulate
the response to injury in vivo.

Expression of tk and ganciclovir administration inhibits cell
proliferation in atherosclerotic arteries in vivo. To investigate the
effects of tk/GC on cell proliferation in atherosclerotic arteries
after balloon injury, right iliac arteries underwent primary
denudation followed by 3 wk of lipid feeding. These hyperlipi-
demic arteries were reinjured at the denudation site with a bal-
loon angioplasty catheter and infected with 5 X 10° pfu (total
dose) ADV-tk. 36 h after injury and infection, the rabbits were
randomized to treatment with either GC or saline for 6 d. Cell
proliferation was assessed 7 d after ADV-tk infection by quan-
titating incorporation of BrdC into intimal and medial cells.
ADV-tk infection plus GC treatment significantly inhibited in-
timal and medial cell DNA synthesis (Fig. 4). A 64% reduction
in intimal BrdC incorporation was observed in ADV-tk/+GC
arteries compared with ADV-tk/~GC arteries (2.1+0.6% vs
5.820.4%, P = 0.004). A similar reduction in medial BrdC in-
corporation (66%) was observed in ADV-tk/+GC arteries
compared with ADV-tk/~GC arteries (1.9+0.2% vs 5.6+ 1.4%,
P =0.04).

We next examined whether tk expression and GC treat-
ment preferentially eliminated certain proliferating cell types.
Quantitative morphometry was used to measure the cell types
which stained BrdC positive. In ADV-tk/-~GC rabbits, 51.1*
12% of intimal BrdC-positive cells were smooth muscle
a-actin positive and 18.2+3.9% of intimal BrdC-positive cells
were RAM-11 positive. In ADV-tk/+GC rabbits, 60.2+3.5%
of BrdC-positive cells in the intima were smooth muscle a-actin
positive and 16.9+5.8% of intimal BrdC-positive cells were
RAM-11 positive. The 30.7% (ADV-tk/~GC) and 22.9%
(ADV-tk/+GC) of labeled cells that were not accounted for as
clearly being smooth muscle cells or macrophages may have
been lymphocytes, endothelial cells, a-actin—negative smooth
muscle cells, or RAM-11-negative macrophages, as our meth-
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Figure 5. Effects of ADV-tk/+GC on intimal and medial areas after arterial injury. Rabbits underwent a denudation injury, lipid feeding, and
balloon-angioplasty injury (6 atm, 3 min), followed by adenoviral gene transfer with ADV-tk or ADV-AEI1 or infusion with saline (noninfected).
Animals were randomized to receive systemic saline or GC therapy IV for 6 d. Artery segments were excised 21 d after gene transfer, and inti-
mal and medial cross-sectional areas were measured. Intimal areas from the six groups are shown in A, and intimal and medial areas are shown

in B. Data are expressed as mean*SEM. *P < 0.05, ADV-tk/+GC vs five control groups, ANOVA with Dunnett ¢ test.

ods may have underestimated a-actin—- and RAM-11-positive
cells. The similar cellular distribution in the two groups, in
spite of decreased total numbers of proliferating cells, suggests
that both smooth muscle cells and macrophages proliferate in
atherosclerotic lesions in these rabbits, and both cell types are
susceptible to killing in a parallel manner by expression of a tk
gene and ganciclovir.

Expression of tk and ganciclovir administration reduces inti-
mal hyperplasia in atherosclerotic arteries in vivo. The size of inti-
mal and medial lesions in atherosclerotic arteries of hyperlipi-
demic rabbits was measured after second balloon injury and
treatment with saline, or infection with ADV-AE1 or ADV-tk
vectors (5 X 10° pfu, total dose). Six groups were studied: non-
infected/-GC (n = 5 arteries), noninfected/+GC (n = 5 arter-
ies), ADV-AE1/-GC (n = 10 arteries), ADV-AE1/+GC (n =9
arteries), ADV-tk/-GC (n = 9 arteries), and ADV-tk/+GC
(n = 11 arteries). 21 d later, intimal and medial areas were
measured by digital planimetry. A significant reduction in inti-
mal area was observed in ADV-tk arteries treated with GC
(ADV-tk/+GC, 0.54+0.06 mm?) compared with ADV-tk ar-
teries treated with saline (ADV-tk/-~GC, 0.83+0.09 mm?), non-
infected arteries, (noninfected/-GC, 0.82+0.08 mm? nonin-
fected/+GC, 1.04=0.16 mm?), and ADV-AE1 arteries treated
with GC or saline (ADV-AE1/-GC 1.00=0.15 mm? ADV-
AE1/+GC, 0.90=0.07 mm?, P < 0.05; ADV-tk/+GC vs five
control groups, ANOVA with Dunnett ¢ test) (Figs. 5 and 6).
There was no independent effect of adenoviral infection or
ganciclovir treatment on intimal area. There was a decrease
in medial area in the ADV-tk/+GC arteries, but this differ-
ence was not statistically different compared with the five
other groups. Medial areas were: ADV-tk/~GC, 0.71+0.06
mm? ADV-tk/+GC, 0.58=0.04 mm?, ADV-AE1/-GC, 0.83=

0.08 mm?%* and ADV-AE1/+GC, 0.75+0.07 mm? and nonin-
fected/-GC 0.87%0.09 mm?; noninfected/+GC 0.83=0.09 mm?
(P = NS). This decrease in medial area was not unexpected
given a decrease in medial cell proliferation. When the intimal
and medial areas were combined, there was a significant de-
crease in intimal and medial wall thickness compared with the
five other groups (P < 0.05, ANOVA with Dunnett ¢ test)
(Fig. 5 B). Thus, localized infection of atherosclerotic arteries
with an adenovirus encoding tk after arterial injury and sys-
temic GC treatment resulted in a significant reduction in inti-
mal lesion size.

Effects of adenoviral infection on rabbit arteries and other
tissues. In this study, adenoviral vectors are delivered by a
catheter to a localized region of the artery. To determine
whether release of residual virus into the arterial circulation
could cause toxicity in tissues in vivo, we examined nonin-
fected and infected arteries and other major organs by histopa-
thology. Analysis of arteries revealed no major cytopathology
in response to ADV-tk, ADV-AE1 or ADV-hpAP vectors, or
saline. Occasional mononuclear inflammatory cells were pre-
sent in injured, noninfected, and infected atherosclerotic rab-
bit arteries, but there were no differences in the number of in-
flammatory cells in arteries receiving adenoviral vectors
compared with atherosclerotic arteries not treated with ade-
noviral vectors. Likewise, there was no evidence of necrosis or
increased inflammation in ADV-tk/+GC arteries compared
with ADV-tk/-GC, ADV-AE1/+GC, ADV-AEl/-GC, or
noninfected arteries. Analysis of organs, including brain, ca-
rotid artery, heart, lung, liver, spleen, kidney, skeletal muscle,
and gonadal tissue showed minor findings such as hemosiderin
in the spleen and megakaryocytic nuclei in the kidney. There
were no differences in the incidence of these incidental find-
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Table I. Organ Pathology After Local Adenoviral Infection of Illiac Arteries

Organ Findings Frequency
ADV-AE1 ADV-tk
-GC +GC -GC +GC
Brain abnormalities not observed — — — —
Carotid artery abnormalities not observed — — — —
Heart abnormalities not observed — — — —
Lung (a) occasional eosinophils 2/5 0/5 3/9 4/11
(b) chronic interstitial infiltrates 0/5 0/5 0/9 2/11
Liver (a) rare mononuclear 1/5 1/5 3/9 1/11
inflammatory cells
(b) eosinophils present 0/5 0/5 1/9 0/11
(c) fatty changes 0/5 0/5 0/9 2111
Spleen hemosiderin deposits 515 4/5 9/9 10/11
Kidney occasional multinucleate cells 5/5 2/5 5/9 4/11
Ovary focal calcifications 1/5 0/5 1/9 3/11

Skeletal muscle abnormalities not observed

ings among the virally infected groups (Table I), and these
findings have been previously observed in NZW rabbits ex-
posed to nonviral vectors (24). Serum biochemical parameters
were within normal limits, aside from the elevations in serum
cholesterol and triglycerides. Thus, adenoviral vectors admin-
istered intraarterially via a catheter to atherosclerotic rabbit
arteries were not associated with significant systemic toxicities.

Discussion

Arterial injury stimulates a series of proliferative, inflamma-
tory, and thrombotic responses. Under normal circumstances,
arterial endothelial and smooth muscle cells respond to patho-
logical stimuli with a reparative process. In atherosclerotic ar-
teries, this protective response consists of the formation of fi-
brous and fatty lesions accompanied by inflammation. However,
arterial injuries can lead to excessive fibroproliferative and in-
flammatory lesions that produce vessel occlusion, leading to
myocardial, cerebral, and peripheral ischemia. Vascular cell
replication plays a central role in the pathogenesis of athero-
sclerosis and intimal expansion after arterial injury. Our ability
to target dividing smooth muscle and other vascular cells pro-
vides the opportunity to investigate the pathogenesis of lesion
formation and to develop therapeutic agents to limit lesion
size.

Smooth muscle cell replication can be inhibited by elimina-
tion of dividing cells and/or by targeting specific gene products
that regulate cell division, such as cell cycle proteins. Recently,
a number of studies have investigated molecular genetic ap-
proaches to inhibit vascular cell proliferation in nonatheroscle-
rotic arteries in vivo (4-8, 25-31). Despite considerable success
in these models, it remained unclear whether vascular cell pro-
liferation could be inhibited in extensively diseased atheroscle-

rotic arteries. Furthermore, although previous studies have
demonstrated the feasibility of gene transfer to atherosclerotic
rabbit arteries (13, 14), a recent study suggested that athero-
sclerosis might reduce the transfection efficiency achieved with
adenoviral vectors compared to nonatherosclerotic arteries,
and thus might potentially limit arterial gene therapy (13).

In this study, the effects of tk gene expression and systemic
ganciclovir treatment on intimal lesion formation in injured
atherosclerotic arteries has been analyzed. We observed ex-
pression of a reporter gene, alkaline phosphatase, in intimal
and medial smooth muscle cells and macrophages 2 d after bal-
loon injury and adenoviral infection, suggesting that the ap-
propriate cell types could be transduced in vivo. Interestingly,
gene expression was observed in the media along dissection
planes resulting from fracture of the internal elastic lamina.
Rabbit smooth muscle cells derived from hyperlipidemic aorta
were infectable by ADV-tk vectors and conferred susceptibil-
ity to ganciclovir to noninfected smooth muscle cells in culture,
demonstrating a bystander effect. Thymidine kinase gene
transfer followed by ganciclovir treatment in atherosclerotic
arteries reduced intimal expansion in vivo after arterial injury.
No independent effects of adenoviral infection or ganciclovir
treatment were observed on intimal area. These findings are
not surprising given the lack of effect of adenoviral infection or
GC treatment on injured arteries in previous studies (4-6).

These findings have a number of basic and clinical implica-
tions. The effects on intimal cell proliferation are likely due to
inhibition of DNA replication after phosphorylation of ganci-
clovir by the enzyme thymidine kinase. The lethal effects of
phosphorylated ganciclovir are not likely limited to transduced
cells; tk-negative smooth muscle cells were killed in vitro when
the population of cultured cells contained only 10% tk-positive
cells. These results suggest that not all cells need to be trans-

Figure 6. Representative photomicrographs demonstrating inhibition of intimal area by ADV-tk/+GC after arterial injury. Balloon-injured, hy-
perlipidemic rabbit arteries were infected with ADV-tk or ADV-AE1 and randomized to treatment with saline (—GC) or ganciclovir (+GC).
Sections were obtained for analysis 21 d after arterial injury and gene transfer. Sections from ADV-AE1/-GC (A and B), ADV-AE1/+GC (C and
D), ADV-tk/=GC (E and F), and ADV-tk/+GC (G and H) are shown. Black arrows in A, C, E, and G delineate the magnified region shown in
B, D, F, and H, respectively. Black arrows in B, D, F, and H indicate the internal elastic lamina. Magnification: A, C, E, G X44; B, D, F, H X156.
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duced in vivo to inhibit cell replication but rather, inhibition of
cell proliferation can be achieved by a paracrine mechanism. It
has been postulated that a metabolite of phosphorylated gan-
ciclovir is transferable to adjacent, nontransduced dividing
cells, where incorporation into DNA induces chain termina-
tion and cell death in these nontransduced cells (10). The exact
mechanism by which this transfer occurs in vascular cells is un-
known. Previous studies in tumor cells transduced with retro-
viral vectors expressing tk have suggested that the bystander
effect appears to be related to apoptotic cell death and/or met-
abolic cooperation between cells (32, 33). Flow cytometry and
electron microscopy studies suggest that apoptotic vesicles
produced from tk-positive tumor cells can be phagocytized by
adjacent, unmodified tumor cells. In addition, other studies
have demonstrated cell contact and transfer of labeled ganci-
clovir between tk-positive and tk-negative cells in culture, sug-
gesting that a ganciclovir metabolite product can mediate cyto-
toxicity as a result of direct contact, perhaps via gap junctions.
It is unclear whether the bystander effect is functional between
dissimilar cell types, as in an atherosclerotic artery. Ongoing
studies are examining the mechanism of this bystander effect
in vascular cells.

This prodrug approach appears well-suited to address the
problem of vascular cell proliferation in injured arteries. Ade-
noviral infection of arteries produces sustained gene expres-
sion for ~ 2 wk (13-15, 34-37), and conversion of a prodrug to
a toxic form during the peak of cell proliferation after balloon
injury appears to provide local concentrations sufficient to re-
duce cell proliferation within the first week after arterial injury
and limit intimal size at later time points (4-6). It is known that
gene transfer is feasible in atherosclerotic arteries (13, 14);
however, it was unknown whether this approach would be
therapeutic. Previous studies using percutaneous delivery of
adenoviral vectors encoding a lacZ reporter gene in athero-
sclerotic rabbit arteries with a channel balloon and a 90-150-s
infusion demonstrated gene expression in ~ 0.2% of intimal
and medial cells. This result was approximately tenfold lower
than observed in balloon-injured normal arteries (~ 2.1% of
intimal and medial cells) (13). In addition, B-galactosidase ac-
tivity was observed only in smooth muscle cells and not mac-
rophages determined by cell specific immunostaining. In other
studies, no differences in luciferase activity were observed be-
tween atherosclerotic balloon-injured or normal porcine coro-
nary arteries after percutaneous delivery of adenoviral vectors
encoding a luciferase gene with a porous balloon catheter, and
transfection efficiencies in hyperlipidemic porcine arteries
were not determined (14). In this study, we observed alkaline
phosphatase expression in 4.2% to 69.1% of intimal cells and
0% to 45.9% of medial cells in these balloon-injured athero-
sclerotic rabbit iliac arteries. In addition, we observed alkaline
phosphatase staining in smooth muscle cells and macrophages
determined by cell type-specific immunostaining of double-
labeled sections. The range in transfection efficiency and cell
types expressing recombinant genes in atherosclerotic rabbit
arteries observed between studies may be attributable to tech-
nical issues, including choice of reporter gene, sensitivity of as-
say to detect gene expression, catheter design and delivery fea-
tures, possible run-off of vector by side branches, duration of
instillation, and a percutaneous or surgical approach. We in-
stilled viral solutions into contained iliac segments for 20 min
after ligature of perforating branches to optimize delivery of
vectors and gene expression. While this approach may not

mimic percutaneous procedures in their present form, such
technical modifications can be adapted to facilitate clinical
applications. The findings in this study suggest that atheroscle-
rosis, per se, does not preclude effective inhibition of cell pro-
liferation and reduction of intimal lesion size after adenovirus-
mediated gene transfer.

Immunostaining with BrdC antibodies and cell type-spe-
cific monoclonal antibodies revealed that ~ 50-60% of labeled
cells were smooth muscle cells and 15-20% were macrophages
in balloon-injured atherosclerotic lesions of both ADV-tk/~-GC
and ADV-tk/+GC rabbits. Atherosclerotic fatty streaks repre-
sent proliferative lesions with macrophage foam cells in addi-
tion to smooth muscle cells. Both cell types undergo DNA rep-
lication in atherosclerotic lesions in uninjured (38) and
balloon-injured (22, 39) rabbit arteries. Our results are consis-
tent with previous findings that suggest that the majority of
proliferating cells in atherosclerotic lesions are smooth muscle
cells but ~ 30% of proliferating cells represent macrophages
(38). Our analysis of double-labeled sections indicates a paral-
lel reduction in cell proliferation in both smooth muscle cells
and macrophages following tk/GC treatment. These findings
extend previous observations to suggest that dividing smooth
muscle cells and macrophages are both susceptible to inhibi-
tion of cell replication by a cytotoxic agent such as phosphory-
lated ganciclovir. Furthermore, these findings suggest that ge-
netic strategies to limit cell proliferation in atherosclerotic
lesions should be directed towards smooth muscle cells and
macrophages, rather than smooth muscle cells alone.

Cell proliferation within the intima and media was limited
by this strategy. In this double-injury model, the intima in-
creases by 50% and the media by 20% after the second bal-
loon injury (40). Given the greater degree of expansion and
our increased ability to transduce the intima, the antiprolifera-
tive effect on intimal area was greater than in the media. Based
on the study by Kakuta et al. (40), elimination of the entire
portion of intima that results from the secondary injury would
result in a decrease in final intimal area of 30—40%, very simi-
lar to that found in our study. Combined intimal and medial
area was decreased in the ADV-tk/4+GC group. This decrease
likely represents an inhibition of the expected expansion of the
intima and media, rather than a thinning of either structure.

Examination of adenovirus-infected arteries and nonin-
fected arteries and systemic organs revealed no significant dif-
ferences in arterial inflammation and no evidence of major or-
gan pathology in these rabbits. Despite the presence of some
intravascular inflammation in these ADV-transduced arteries
(4, 6,7, 15), this effect will not likely preclude the use of such
vectors in clinical settings. While side effects from systemic
ganciclovir therapy have been described after long term ad-
ministration in AIDS patients, including myelosuppression
(41, 42), no biological or hematological effects from a 6-d
course of treatment were observed in these rabbits. A short
course (14 d) of ganciclovir has not been associated with renal,
hematological, or other systemic toxicities in human use for
cancer gene therapy (43). These findings are also consistent
with previous observations of ganciclovir treatment in rats and
pigs (4-6), suggesting the relative safety of this prodrug to
treat vascular occlusive diseases.

Local expression of a herpesvirus thymidine kinase gene
and systemic ganciclovir treatment effectively inhibited cell
proliferation and intimal expansion in injured, atherosclerotic
rabbit arteries. The degree of inhibition of cell proliferation
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and reduction in intimal lesion size achieved by ADV-tk gene
transfer in atherosclerotic arteries is comparable to that
achieved with cytostatic and cytotoxic approaches (4-7) in
nonatherosclerotic arteries. Further studies will determine
whether this degree of inhibition of intimal hyperplasia will re-
sult in a significant increase in arterial blood flow in the setting
of restenosis. Finally, these findings suggest that the presence
of atherosclerosis is not a limitation to effective arterial gene
transfer. This prodrug strategy may provide a genetic ap-
proach to the treatment of restenosis and other vascular prolif-
erative diseases.
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